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Positive Selection of an H2-M3 Restricted
T Cell Receptor
The nonclassical MHC class Ib molecule, H2-M3, pref-
erentially binds peptides that carry a formylated Methio-
nine (fM) in the N-terminal position (Vyas et al., 1992).
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fM peptides are synthesized in prokaryotes, such asDepartment of Medicine
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Princiotta et al., 1998). The importance of H2-M3 re-University of Colorado Health Sciences Center
stricted responses to Listeria monocytogenes was re-Denver, Colorado 80220
cently examined. In a class Ia knockout mouse (H2 Kb2/2
Db2/2), CD81 T cell responses effectively cleared Listeria
monocytogenes. The effector populations were found
to be restricted to two nonclassical MHC class Ib mole-Summary
cules, Qa1b and H2-M3 (Seaman et al., 1999). The ability
of class Ia knockout mice to clear Listeria monocyto-Thymocytes are positively selected for ab T cell anti-
genes infections demonstrates that class Ib MHC mole-gen receptors (TCR) that recognize antigen in conjunc-
cules and T cell responses restricted to them are impor-tion with self-major histocompatibility complex (MHC)
tant for anti-listerial immunity.molecules. MHC bound peptides participate in positive
We have now produced a new TCR transgenicselection; however, their role has remained controver-
(TCRtrans1) mouse with the aim to study positive selectionsial. A TCR transgenic mouse was established using
of T cells restricted to H2-M3 and to define the physio-a TCR restricted to the MHC class Ib molecule, H2-
logical ligand of positive selection in this system. WeM3. Having defined H2-M3 as the positively selecting
had earlier established that the cloned CD81 cytotoxicMHC molecule, the severely limited number of H2-M3
T lymphocyte (CTL) line, C10.4, recognized a Listeriabinding peptides allowed us to characterize an NADH
monocytogenes±derived peptide in conjunction with thedehydrogenase subunit 1 (ND1)-derived peptide as the
wild-type (wt) allele of the MHC class Ib molecule H2-physiological ligand of positive selection. This peptide
M3 (Princiotta et al., 1998). We hypothesized that a C10.4bears no apparent sequence homology to the cognate
TCRtrans1 model system should make it relatively easypeptide, is expressed ubiquitously, and yet does not
to define the physiological peptide ligand of positiveinterfere with peripheral T cells. Our studies also sug-
selection due to the limited number of candidate pep-
gest that positive selection becomes promiscuous at
tides. We knew that the C10.4 T cell clone and thus the
high epitope densities.
C10.4 TCRtrans was restricted to H2-M3wt. We would learn
that it also used the H2-M3 MHC molecule for positive
selection. In eukaryotes, there is a limited source of fMIntroduction
peptides from the 13 genes encoded within the mito-
chondrial genome (Lindahl et al., 1997). Indeed, this pau-T cells expressing ab TCRs undergo two distinct devel-
city of fM peptides enabled us to define an ND1-derivedopmental processes in the thymus. Negative selection
peptide as the physiological ligand of positive selectioneliminates potentially autoreactive T cells that bear
for the C10.4 TCRtrans.TCRs with high affinity for self-peptides bound to self-
MHC (Kappler et al., 1987; Kisielow et al., 1988a; Sha
Resultset al., 1988a). Positive selection ensures that T cells are
self-MHC restricted and thus able to respond to foreign
Establishment of the C10.4 TCRtrans1 Mouseantigens in conjunction with self-MHC (Bevan, 1977;
The a and b TCR chains were cloned from the clonedFink and Bevan, 1978; Zinkernagel et al., 1978). It has
CD81 C10.4 CTL line (Princiotta et al., 1998) by polymer-been shown that peptides play a role in positive selec-
ase chain reaction (PCR) and introduced into a CD2-tion using mutants of MHC molecules (Berg et al., 1990;
based mini-gene cassette (Zhumabekov et al., 1995).Nikolic-Zugic and Bevan, 1990) or with class I±deficient
The b chain used Vb8.1, Db1, Jb1.6, and Cb1, while thefetal thymic organ culture (FTOC) systems reconstituted
a chain used Va4.2 and Ja13. The vectors were injectedwith peptides or peptide extracts (Ashton-Rickardt et
into C57BL/6 oocytes, and resulting pups were screenedal., 1993; Hogquist et al., 1993). Yet, different systems
for integration of the a and b chains. Mice positive forled to different conclusions about the function of the
DNA integration were stained for expression of CD4,selecting peptides.
CD8, and total or Vb81 TCRs. We bred the C10.4 TCRtrans
onto the recombination activating gene 2 (RAG2) knock-
out background (Shinkai et al., 1992). We observed a
* To whom correspondence should be addressed (e-mail: staerzu@ pronounced skewing toward CD81Vb81 T cells in the
njc.org).
thymus and lymph nodes of C10.4 TCRtrans1 mice (Fig-² Present address: Cell Biology Section, Laboratory of Viral Dis-
ures 1B and 1C). Peripheral T cells harvested from theseeases, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Bethesda, Maryland 20892-0440. mice developed into CTLs that exhibited the original
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Figure 1. Staining and Specificity of T Cells
from the C10.4 TCRtrans1 Mouse
(A) A standard CTL assay was performed us-
ing a C10.4 TCRtrans1/1 RAG22/2 line gener-
ated by in vitro stimulation. Targets were EL4
cells pulsed with either fMIVTLF (circles) or
fMIGWII (squares). E:T ratio was 5:1. fMIGWII
was used as a negative control due to its
ability to bind H2-M3 without sensitizing tar-
gets for lysis by C10.4 T cells (Lenz et al.,
1996; Princiotta et al., 1998). Staining of (B)
thymus lobes and (C) lymph nodes of a C10.4
TCRtrans1 mouse on the RAG22/2 background
with mAbs against CD4, CD8, and TCR using
F23.1. The histograms represent CD8 versus
CD4 staining of live, gated cells. Percentages
of cells in each quadrant are shown for the dot
plots. The histograms represent TCR staining
after gating through either CD8 single-posi-
tive cells or CD4 single-positive cells. Num-
bers in the histograms represent the total
number of CD81Vb81 or CD41Vb81 T cells
out of all the live, gated events.
C10.4 specificity (Figure 1A). We concluded that we had used its restriction element, H2-M3wt, for positive se-
lection.established C10.4 TCRtrans1 mice.
It had been shown that the casteneus allele of H2-
M3 (H2-M3cas) could not present peptides to any of theC10.4 TCRtrans1 T Cells Were Selected on H2-M3wt
To investigate whether the C10.4 TCRtrans1 mice were known H2-M3wt restricted T cells, including C10.4 (Prin-
ciotta et al., 1998). Therefore, we bred the C10.4 TCRtransselected on a nonpolymorphic MHC molecule, we bred
the mice onto different MHC haplotypes that all carry onto mice that expressed H2-M3cas on a C57BL/6 back-
ground. These B6.R9 mice utilize the H2-K through Dthe wild-type allele of H2-M3 (H2-M3wt) (Lindahl et al.,
1997). We studied the phenotypes of the developing T region of C57BL/6 (H2b) and the H2-Q through M region
of mus musculus castaneus (Lindahl et al., 1997). Ascells. Figures 2A, 2B, and 2C show that C10.4 TCRtrans1
T cells developed in mice of the different classical MHC depicted in Figures 3A and 3B, C10.4 TCRtrans1 T cells
matured in C57BL/6 mice that expressed H2-M3wt buthaplotypes, such as C57BL/6 (H-2b), B10.D2 (H-2d), and
B10.BR (H-2k). T cell lines generated from these mice not in B6.R9 mice that expressed H2-M3cas. This finding
further strengthened our argument that C10.4 TCRtrans1developed into CTLs exhibiting the specificity of the
original C10.4 T cell clone (data not shown). When the thymocytes had to see their restriction element, H2-
M3wt, to be positively selected. Final proof of this conclu-C10.4 TCRtrans was bred onto the transporter associated
with antigen processing 1 (TAP-1) (Van Kaer et al., 1992) sion came with the next set of experiments.
or b2-microglobulin (b2M) (Zijlstra et al., 1990) knockout
backgrounds, CD81Vb81 T cells failed to develop (Fig- Positive Selection of C10.4 TCRtrans1 T Cells
Depended on the Presentationures 2D and 2E). H2-M3wt exhibits characteristics similar
to a classical MHC class Ia molecule. The surface ex- of fM Peptides
FTOC systems using TCRtrans1 mice had previously beenpression of H2-M3wt relies on the presence of b2M (Lin-
dahl and Langhorne, 1981; Lindahl et al., 1983), and established to study the role of peptides in positive
selection (Ashton-Rickardt et al., 1994; Hogquist et al.,presentation of endogenous antigens on H2-M3wt, such
as the ND1 peptide, depends on the activity of TAP 1994; Sebzda et al., 1994). We bred the C10.4 TCRtrans
onto mice deficient of the TAP-1 gene (C10.41/1TAP2/2).(Hermel et al., 1991; Attaya et al., 1992). Therefore, these
studies were the first to suggest that the C10.4 TCRtrans Thymic lobes from day 16 fetuses either expressing or
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Figure 2. Staining of Thymus Lobes from
C10.4 TCRtrans1 Mice on Different MHC Back-
grounds or Deficient in Class I MHC
Thymus lobes from C10.4 TCRtrans1 mice on
the following backgrounds: (A) H2b, (B) H2d,
(C) H2k, (D) TAP-1 deficient and (E) b2M defi-
cient were stained for CD4, CD8, and TCR using
F23.1. Data are presented as in Figure 1.
deficient in the TAP-1 gene were cultured for 10 days. An FTOC system was used to address the following
points. First, it was known that the H2-M3 MHC classT cells emerging in these cultures were analyzed for
CD4, CD8, and TCR levels. In FTOCs from TAP-1-express- Ib molecule preferentially bound fM peptides (Vyas et
al., 1992). Thus, if we demonstrated that an N-terminaling C10.4 TCRtrans1 mice, the distribution of thymocytes
closely resembled that seen in the thymus of adult C10.4 formyl group was crucial for the ability of a ligand to
positively select C10.4 TCRtrans1 T cells, we would haveTCRtrans1 mice (compare Figure 4E to Figures 1B, 2A,
2B, and 2C). In contrast, FTOCs from TCRtrans1 mice gained further proof that H2-M3wt indeed functioned as
the positively selecting MHC molecule. Second, thoughdeficient in the TAP-1 gene show very few mature
CD81Vb81 T cells (Figure 4D). ample evidence had been presented in the literature
Immunity
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Figure 3. Positive Selection of the C10.4
TCRtrans Occurs on fM Peptides Presented by
H2-M3wt
Thymus lobes were collected from a C10.4
TCRtrans1 mouse on the (A) B6 background
(H2-M3wt) or from a C10.4 mouse on the (B)
B6.R9 background (H2-M3cas) (Lindahl et al.,
1997). Thymocytes were stained for CD4,
CD8, and TCR using F23.1. For panels (C) and
(D), a peptide extract was derived from the
H2-M3wt/Ld-expressing cell line, 13S2 (Vyas
et al., 1994), as described in the Experimental
Procedures. (C) The peptide extract was
added to FTOCs from C10.41/1TAP2/2 day 16
fetuses, and the thymic lobes were allowed to
mature for 10 days. The resulting thymocytes
were then stained for CD4, CD8, and TCR
using H57-597. (D) Another set of thymic
lobes was incubated with the peptide extract
after it had been deformylated using a puri-
fied recombinant peptide deformylase (Raja-
gopalan et al., 1997) and stained with the
same set of mAbs as in (C). All staining data
are presented as in Figure 1. For (A) and (B),
the expression of either the wild-type or cas-
taneus allele of H2-M3 (data not shown) was
determined using microsatellite mapping as
previously described (Xiao et al., 1997).
that H2-M3wt preferentially presented fM peptides, it had in which the a1 and a2 domains were derived from H2-
M3wt (Vyas et al., 1994). The immunoprecipitate was en-also been demonstrated that conventional peptides
could bind, albeit with much lowered affinities (Smith et riched for low molecular weight material, concentrated,
and added to the C10.41/1TAP2/2 FTOCs at concentra-al., 1994; Byers and Fischer Lindahl, 1998; Princiotta et
al., 1998). Since we wanted to study whether mitochon- tions of approximately 50 nM. As depicted in Figure 3C,
addition of the peptide extract led to the appearance ofdrial fM peptides were seen during positive selection of
C10.4 TCRtrans1 T cells, we had to determine whether CD81TCRhi thymocytes at frequencies seen in the nor-
mal adult C10.4 TCRtrans1 thymus (Figures 1B, 2A, 2B,naturally occurring peptides able to induce positive se-
lection depended on the presence of an N-terminal fM and 2C) and in C10.4 TCRtrans1 FTOCs (Figure 4E). We
concluded that addition of H2-M3wt peptide extracts atgroup.
FTOCs were established from C10.4 TCRtrans1 TAP-1- these low nM concentrations had recreated normal T
cell development.deficient mice (C10.41/1TAP2/2). Peptides were added
to these cultures to stabilize the surface expression of In the next experiment, we determined how removal of
formyl groups of the N-terminal fM from these naturallyMHC class I molecules, such as H2-M3wt (Ashton-Rick-
ardt et al., 1994). As a source of naturally occurring occurring peptides affected positive selection. An ali-
quot of the extract was treated with purified recombinantH2-M3wt bound peptides, we extracted them from the
binding groove of an H2-M3wt molecule. Since antibod- peptide deformylase (Rajagopalan et al., 1997) devoid
of peptidase activity (data not shown). As depicted inies against H2-M3wt were not available, we immunopre-
cipitated the H2-M3wt/Ld fusion protein from fibroblasts Figure 3D, deformylation abolished the ability of the
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Figure 4. FTOCs Using Different Concentrations of the ND1 Peptide Are Able to Induce Selection of Functional C10.4 TCRtrans1 T Cells
Different concentrations of the ND1 peptide were added to the media of C10.41/1TAP2/2 FTOCs, and after 10 days the thymocytes were
stained for CD4, CD8, and TCR using F23.1. The concentrations of peptide used for each experiment are as follows: (A) 156 nM ND1, (B) 39
nM ND1, (C) 10 nM ND1, and (D) no peptide (negative control). In (E), a C10.41/1TAP1/1 FTOC (positive control) is shown without the addition
of exogenous peptides. Staining data are presented as in Figure 1. In (F), thymocytes from FTOCs cultured with or without various concentrations
of the ND1 peptide were expanded with plate-bound H57-597 (anti-Cb) and then used in a standard CTL assay. E:T ratio was 10:1. Targets
used were EL4 cells pulsed with either 10 mM fMIVTLF (filled bars) or 10 mM fMIGWII (open bars). Standard deviation of the triplicate
determinations is indicated with error bars.
peptide extract to induce positive selection. Thus, natu- cells required an N-terminal formyl group, we turned our
attention to the 13 mitochondrial genes that can giverally occurring H2-M3wt bound peptides depended on
the presence of formyl groups on the N-terminal methio- rise to fM peptides in the mouse. The binding of peptides
of nine amino acid lengths to H2-M3wt had been exten-nines to induce the development of C10.4 TCRtrans1 T
cells. Removal of the formyl group most likely reduced sively studied (Wang et al., 1995; Lindahl et al., 1997;
Dabhi et al., 1998). Therefore, we examined the 13 corre-their binding and thus prevented stabilization of the sur-
face expression of H2-M3wt. This observation also estab- sponding N-terminal fM peptide 9-mers. They were ti-
trated into C10.41/1TAP2/2 FTOCs starting with 10 mM.lished that C10.4 TCRtrans1 T cells were indeed selected
on H2-M3wt. Control cultures that contained 0.1% DMSO (used as
fM peptide diluent) without peptide or with an H-2Kb
binding ovalbumin-derived peptide (SIINFEKL) failed toND1 Gave Rise to the Physiological Ligand
of Positive Selection induce the development of CD81 C10.4 TCRtranshi thymo-
cytes (Figure 4D; data not shown). When we added theHaving determined that naturally occurring peptides
able to induce positive selection of C10.4 TCRtrans1 T N-terminal 9-mer fM peptide derived from the NADH
Immunity
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Table 1. The Amino Acid Sequence, Affinity to H2-M3wt, and Positive Selection Characteristics of the Mitochondrial Peptides
Name of Peptide Amino Acid Sequence Affinity to H2-M3wt Positive Selection
A ND1 fMFFINILTL 1 1
COI fMFINRWLFS 50 338
ND2 fMNPITLAII 71 not detectable
COII fMAYPFQLGL 88 not detectable
ND4 fMLKIILPSL 104 .500
ND3 fMNLYTVIFI 125 333
ND6 fMNNYIFVLS 308 not detectable
ND5 fMNIFTTSIL 692 not detectable
ATPase 6 fMNENLFASF 1250 152
ND4L fMPSTFFNLT 1917 .500
ATPase 8 fMPQLDTSTW 4458 .500
COIII fMTHQTHAYH .10000 not detectable
CytB fMTNMRKTHP .10000 not detectable
B ND1 fMFFINILTL 1 1
LemA fMIGWII 0.8 174
H2-M3wt binding affinities in Table 1A are from previously published data (Dabhi et al., 1998; Lindahl et al., 1997) and are presented relative
to ND1, which is the best binder of the mitochondrial peptides. The binding affinities of the other mitochondrial peptides are listed as relative
amounts needed to induce similar binding to H2-M3wt. The H2-M3wt binding affinities listed in Table 1B are also relative numbers determined
using a H2-M3 upregulation assay as previously described (Vyas et al., 1994). ND1 is once again given the arbitrary assignment of 1. The
function of positive selection is expressed as the concentration required for half-maximal positive selection. When ND1 was titrated into
FTOCs, CD81Vb81 thymocytes reached a maximum of 46% of live, gated events. This number was used as maximal positive selection and
therefore half-maximal positive selection would be 23%. Half-maximal positive selection for ND1 was an average of 21 nM (.021 mM), and
this number was given the arbitrary assignment of 1. The other positive selection numbers are listed relative to ND1. They are the amount
excess of peptide required to induce 23% positive selection. At least three independent experiments were used to calculate the positive
selection numbers. Not detectable means that positive selection of CD81Vb81 thymocytes was not above background at even the highest
concentration of peptide (10 mM) used.
dehydrogenase subunit 1 (ND1) to FTOCs (Figures 4A, ND1 (Table 1B). When we titrated this peptide into
FTOCs, it required approximately 174-fold higher pep-4B, and 4C), concentrations down to the low nM range
promoted the development of CD81 C10.4 TCRtranshi thy- tide concentration to produce half-maximal positive se-
lection (Table 1B). Therefore, a correlation between themocytes. Indeed, the ND1 peptide at these concentra-
tions induced the selection of C10.4 TCRtrans1 T cells stability of surface expression of H2-M3wt and the extent
of positive selection did not exist. Since only the ND1at frequencies seen in an adult C10.4 TCRtrans1 thymus
(Figures 1B, 2A, 2B, and 2C) and in C10.4 TCRtrans1 peptide had recreated physiological levels of mature-
type C10.4 TCRtranshi thymocytes at concentrations seenFTOCs (Figure 4E).
When we titrated the other mitochondrial fM peptides with the extract of naturally occurring H2-M3wt-bound
peptides, we concluded that it represented the physio-into the FTOC system, increased frequencies of mature-
type C10.4 TCRtranshi thymocytes were only seen with logical ligand of positive selection for C10.4 TCRtrans1 T
cells.some of the fM peptides at high concentrations. To
compare the efficiency of the different peptides, we
calculated relative peptide concentrations necessary
The ND1 Peptide Induced Positive Selectionfor achieving half-maximal positive selection of C10.4
of Functionally Mature ThymocytesTCRtrans1 T cells. At least three independent experiments
To confirm that the observed increase in the frequencywere performed for each peptide. For the ND1 peptide,
of C10.4 TCRtrans1 T cells represented a shift in pheno-half-maximal positive selection was seen at 21 nM. This
type, we calculated the numbers of thymocytes withinvalue was arbitrarily set as 1 (Table 1).
each thymocyte subpopulation. We found that the totalEven though ND1 is the best binder of these mitochon-
number of thymocytes from C10.41/1TAP2/2 FTOC thy-drial peptides (Lindahl et al., 1997; Dabhi et al., 1998), we
mic lobes cultured with various concentrations of thecould not detect a direct correlation between a peptide's
ND1 peptide did not increase significantly over the con-ability to bind to H2-M3wt and to positively select. For
trol C10.41/1TAP2/2 FTOC thymic lobes (Table 2). Theinstance, Table 1A shows that ND1 bound H2-M3wt fifty
number of CD81Vb81 T cells generated from FTOC lobestimes more efficiently than COI and yet selected CD81
cultures with 156 nM ND1 increased 10-fold with a corre-C10.4 TCRtrans1 T cells 338 times more efficiently than
sponding decrease in the number of CD41CD81 thymo-COI. Another peptide, ATPase 6, is 152 times less effi-
cytes (Table 2; Figure 4). This indicated that the devel-cient than ND1 at driving positive selection while being
oping CD81Vb81 T cells were generated from the pool1250 times less efficient at binding to H2-M3wt. Other
of CD41CD81 ªselectableº thymocytes.peptides, such as ND2 and COII, bound to H2-M3wt at
Positive selection not only resulted in a phenotypicalmedium affinities but were completely unable to induce
shift of T cells but also in a developmental progressionpositive selection. In an additional experiment, we stud-
toward mature T cells. To examine the functional devel-ied selection on a peptide that bound to H2-M3wt with
opment of C10.4 TCRtrans1 T cells in ND1 peptide condi-high affinity. We used the Listeria monocytogenes LemA
tioned C10.41/1TAP2/2 FTOCs, thymocytes were ex-peptide product fMIGWII (Lenz et al., 1996), which stabi-
lized surface expression of H2-M3wt at least as well as panded on anti-Cb monoclonal antibodies (mAb) and
Physiological Ligand of Positive Selection
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Table 2. Analysis of Numbers and Percentages of Cells Resulting from C10.41/1TAP2/2 FTOCs Using the ND1 Peptide
Concentration of ND1 Total Number of Cells Total CD81Vb81 Cells CD81Vb81
Added in FTOC (nM) per Lobe (3105) per Lobe (3105) Cells (%)
156 4.98 1.09 21.8
156 4.86 1.18 24.33
39 3.42 0.45 13.25
39 3.6 0.91 25.3
10 5.88 0.54 9.17
10 3.96 0.25 6.33
none 3.24 0.1 2.99
none 6.9 0.13 1.85
none 3.42 0.06 1.89
A C10.41/1TAP2/2 FTOC was performed as described in the Experimental Procedures. Three different concentrations of the ND1 peptide (156
nM, 39 nM, and 10 nM) and control cultures without peptide were analyzed by staining for CD4, CD8, and TCR using F23.1. The total number
of cells per lobe was determined by counting with a hemacytometer. Percentage of CD81Vb81 cells was determined from flow cytometry
data. Corresponding total numbers of CD81Vb81 cells per lobe were calculated by multiplying the total number of cells per lobe by the
percentage of CD81Vb81 cells.
tested for their lytic function on target cells coated with TAP-2 negative counterpert RMA-S. This finding demon-
strated that an ND1-derived fM peptide was presentedthe cognate peptide (fMIVTLF) (Princiotta et al., 1998).
We were able to induce specific CTLs from C10.41/1 together with H2-M3wt on thymic epithelial cells.
TAP2/2 FTOCs that had been supplemented with the
ND1 peptide (Figure 4F). In its absence, specific CTLs
were not expanded from the CD81Vb81 thymocytes Discussion
present in the control cultures. Thus, addition of the
ND1 peptide had not only induced a shift toward cells The first question that we addressed here was whether
the selection of a TCR (C10.4) that saw antigen in con-of the mature CD81 TCRtranshi phenotype but also a devel-
opment of mature thymocytes with the correct speci- junction with a nonclassical MHC class Ib molecule,
such as H2-M3wt, occurred on its restriction element.ficity.
Using a new TCRtrans1 model, we demonstrated that this
was indeed the case. C10.4 TCRtrans1 T cells developedAn ND1-Derived fM Peptide Was Presented
on H2-M3wt by Thymic Epithelial Cells on H2-M3wt. This finding indicated that positive selection
on nonclassical MHC molecules resembled that on clas-If an ND1-derived fM peptide were in fact responsible
for positively selecting the C10.4 TCRtrans, we would ex- sical MHC molecules (Kisielow et al., 1988b; Sha et al.,
1988b; Berg et al., 1989). We also learned that naturallypect that it would be presented by H2-M3wt as endoge-
nous antigen on thymic epithelial cell lines. We took occurring fM peptides stripped from a mouse cell were
seen during positive selection as we were able to recon-advantage of T cell clones specific for an ND1-derived
fM peptide (Lindahl et al., 1997; Dabhi and Lindahl, stitute a normal picture of positive selection when we
used this peptide extract at low nM concentrations (Fig-1998). We used the thymic epithelial cell line 427.1 as
a target since it had been shown earlier that it induced ure 3).
Having determined that C10.4 TCRtrans1 T cells werepositive selection when injected intrathymically (Vukma-
novic et al., 1992). Figure 5 shows that two independent positively selected on endogenous fM peptides pre-
sented on H2-M3wt, we knew that the source of theseND1a-specific T cell clones were able to lyse the thymic
epithelial line without the addition of exogenous pep- fM peptides had to be one of the 13 mitochondrial genes
present in the mouse. For our FTOCs, we had chosentides. These CTLs also lysed RMA cells yet not their
the 9-mer fM versions of the mitochondrial peptides for
several reasons. First, the crystal structure of H2-M3
had been solved with the 9-mer of ND1 (Wang et al.,
1995). Second, the relative binding affinities of the mito-
chondrial fM peptides had been determined using
9-mers (Lindahl et al., 1997; Dabhi et al., 1998). However,
the exact length or length of the ND1 peptide that is
naturally presented in the thymus (or in peripheral tis-
sues) has not been defined. By titrating the 9-mer ver-
sions of the 13 mitochondrial fM peptides into a FTOC
system, we were able to define ND1 as the physiological
ligand of positive selection for C10.4 TCRtrans1 T cells
for the following reason. It was the only peptide that
Figure 5. Expression of an ND1-Derived fM Peptide on a Thymic induced a normal picture of positive selection at low nM
Epithelial Cell Line
concentrations (Figure 4). Thus, its activity resembled
A standard CTL assay was performed using either (A) 1E8 or (B)
that of the naturally occurring peptides that we had used4C5 anti-ND1a T cell clones as effectors at the indicated E:T ratios.
at a concentration of approximately 50 nM. None ofTarget cells used were RMA (filled circles), RMA-S (filled squares),
or 427.1 (open triangles). the other peptides had comparable activity. The C10.4
Immunity
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TCRtrans1 model system allowed us to determine the se- was expressed naturally on the thymic epithelial cell
quences of the cognate and positively selecting pep- line, 427.1 (Figure 5). It is interesting that expression
tides independently. This might be the reason why we of ND1-derived fM peptides in the periphery did not
did not see any sequence homology between the posi- interfere with peripheral C10.4 TCRtrans1 T cells. The situ-
tively selecting ND1 peptide (fMFFINILTL) and the cog- ation of selecting peptide being present in the periphery
nate AttM peptide (fMIVTLFYSA). Lack of sequence ho- probably occurs for all T cells since the distribution of
mology is in contrast to other reports (Ashton-Rickardt MHC-bound peptides in the thymus and spleen seems
et al., 1994; Hogquist et al., 1994; Sebzda et al., 1994). to be similar (Marrack et al., 1993). However, there is
At high peptide concentrations, other peptides were also increasing evidence that MHC molecules must be
able to promote positive selection of C10.4 TCRtrans1 T present in the periphery for T cell maintenance and sur-
cells (Table 1A). However, we could not detect a correla- vival (Takeda et al., 1996; Kirberg et al., 1997; Rooke
tion between a peptide's ability to bind to H2-M3wt and et al., 1997; Tanchot et al., 1997). Therefore, it will be
to positively select. Indeed, the LemA peptide was able important to understand whether positively selecting
to promote stable surface expression of H2-M3wt at least peptides are responsible for peripheral survival and
as well as the ND1 peptide. However, it only induced whether in our case ND1 is seen in the periphery.
positive selection at high concentrations (Table 1B). We have now established the C10.4 TCRtrans1 mouse.
These observations suggest that positive selection in Its TCRtrans has been shown to be selected on its re-
the thymus is specific rather than highly promiscuous stricting element, H2-M3. We have also shown that in
(Schumacher and Ploegh, 1994). Nevertheless, these FTOCs, a single peptide is responsible for positive selec-
experiments also demonstrated that at high peptide tion of the C10.4 TCRtrans. This was possible due to the
concentrations the specificity of positive selection limited number of peptides available to bind H2-M3.
broadened even if it still retained some specificity. Sev- With the selecting and corresponding activating pep-
eral peptides failed to induce the development of C10.4 tides in hand, we can now begin to define the interac-
TCRtrans1 T cells. This broadening of positive selection tions between the TCRtrans and the ND1/H2-M3wt complex
at mM concentrations may cause peptides to be scored that lead to positive selection signals. We will learn how
as positive selectors even though they may in fact not they differ from recognition events in the periphery.
be responsible for positive selection in the mouse (Paw-
lowski et al., 1996; Hogquist et al., 1997; Hu et al., 1997).
Experimental Procedures
Others had addressed the question of positive selec-
tion with mice that were only able to express a highly Mice
limited number of peptides. In H2-Ma knockout mice, C10.4 TCRtrans1 mice were produced by cloning the rearranged a
and b TCR chains independently into the EcoRI and SmaI sites of thethe vast majority of class II was loaded with the CLIP
CD2 vector (Zhumabekov et al., 1995). After sequencing to ensure nopeptide from the invariant chain (Fung-Leung et al.,
mutations had been introduced, the vectors were digested with SalI1996; Martin et al., 1996; Miyazaki et al., 1996). In another
and XbaI to remove the bluescript-based plasmid. The linearizedexperimental approach, mice were engineered to ex-
vectors were then simultaneously injected into C57BL/6 oocytes.
press a single peptide covalently bound to class II (Igna- PCR screening of genomic DNA was used to confirm the presence
towicz et al., 1996; Fukui et al., 1997). In both cases, of introduced a and b chains. Flow cytometry was performed on
broad spectra of CD41 T cells were selected. However, peripheral blood lymphocytes (PBL) using antibodies against CD4,
CD8, and TCR (total or Vb81) to look for skewing toward CD81 Tthe resulting T cells seemed to be different from those
cells expressing a Vb81 TCR. C57BL/6, B10.D2, B10.BR, TAP-12/2,selected in a normal mouse. They contained T cells
and b2M2/2 mice were from The Jackson Laboratory. RAG22/2 micereactive with self-MHC/self-peptide complexes at high
were from Fred Alt, and B6.R9 mice were from Kirsten Fischer
frequencies. Lindahl.
It had also been suggested that positive selection
occurred on a ªGemischº of peptides rather than on a
Cells and Cell Lines
single peptide (Bevan et al., 1994; Jameson et al., 1995). EL4 is an H-2b thymoma from ATCC. RMA and its TAP-2-negative
In our model, only three other peptides (ATPase 6, ND3, counterpart, RMA-S, are H-2b-derived T lymphomas obtained from
and COI) were able to significantly support the develop- ATCC. The thymic epithelial cell line, 427.1, is H-2b/s, and it was
obtained from ATCC. The 13S2 cell line is a fibroblast transfectedment of mature thymocytes, albeit at concentrations
with a chimeric H2-M3wt/Ld molecule (Vyas et al., 1994) obtained152- to 338-fold higher than ND1 (Table 1A). In a normal
from Robert Rich and John Rodgers. C10.4 TCRtranshi T cells werethymus, the higher affinity of ND1 for H2-M3wt would
generated from the spleens of C10.4 TCRtrans1 mice on a RAG22/2compete for their binding to H2-M3wt. Therefore, for
background. The ND1a-specific T cell clones, 1E8 and 4C5 (Dabhi
these three peptides to participate in positive selection and Lindahl, 1998), were provided by Kirsten Fischer Lindahl. Clones
similar to ND1, they would have to be expressed at levels were maintained by restimulating on a weekly basis with irradiated
several thousand fold that of ND1. If at all, experimental C57BL/6 spleen cells for 1E8 and 4C5 and irradiated C57BL/6 spleen
cells incubated with the cognate peptide (fMIVTLF) for C10.4evidence rather suggested that ND1 was the best repre-
TCRtrans1 T cells. All cells were cultured at 378C in 7% CO2 in IMDMsented peptide on H2-M3 (Dabhi et al., 1998). Our experi-
supplemented with 5 mM Hepes, 2 mM glutamine, 1 mM hydroxypy-ments would suggest that for the C10.4 TCRtrans, a single
ruvate, 50 mM 2-mercaptoethanol, nonessential amino acids, 100peptide, i.e., the ND1-derived fM peptide, was solely
IU/ml penicillin, 100 mg/ml streptomycin, 50 mg/ml gentamycin, and
responsible for positive selection. 10% FCS. The T cell clones had 4% rat concanavalin A supernatant
The ND1 gene codes for the NADH dehydrogenase (RCAS) added to the media to provide cytokines and growth factors.
subunit 1 protein. This enzyme is crucial for cellular
respiration and thus should be present in all cells includ- Antibodies and Flow Cytometric Analyses
ing thymic epithelial cells (Weiss et al., 1991). In fact, Monoclonal antibodies (mAbs) specific for CD4 (RM4-5) and CD8
(53-6.7) were purchased from PharMingen. Streptavidin Cy-Chromewe were able to show that an ND1-derived fM peptide
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for revealing biotinylated mAbs was also purchased from Phar- 10:1. Targets used were EL4 cells labeled with either fMIVTLF or
fMIGWII.Mingen. The anti-Cb mAb, H57-597 (Kubo et al., 1989), the anti-
Vb8.1-8.3 mAb, F23.1 (Staerz et al., 1985), and the anti-a3 Ld mAb,
28-14-8S (Ozato et al., 1983), were purified from culture superna- Acknowledgments
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